Gupta S, Vijayaraghavan S, Uzer G, Judex S. Multiple exposures to unloading decrease bone's responsivity but compound skeletal losses in C57BL/6 mice. Am J Physiol Regul Integr Comp Physiol 303: R159-R167, 2012. First published May 16, 2012 doi:10.1152/ajpregu.00499.2011.-A single exposure to mechanical unloading can result in significant bone loss, but the consequences of multiple exposures are largely unknown. Within a 18-wk period, adult C57BL/6 male mice were exposed to 2 wk of hindlimb unloading (HLU) followed by 4 wk of reambulation (RA) once (1x-HLU), twice (2x-HLU), or three times (3x-HLU), or served as ambulatory age-matched controls. In vivo CT longitudinally tracked changes in trabecular and cortical compartments of the femur. Normally ambulating control mice experienced significant age-related loss in trabecular bone volume fraction throughout the course of the experiment. This loss was compounded by HLU with 2x-and 3x-HLU mice experiencing a 27% and 24% greater reduction in trabecular bone and a 60% and 63% inhibition of age-related trabecular thickening. The recovery of cortical bone was also incomplete during each 4-wk RA period and, at completion of the experiment, cortical area in 3x-HLU mice was 5% smaller than in control and 1x-HLU. When eliminating age as a confounding variable, comparison between individual HLU/RA cycles showed that the magnitude of the response diminished during subsequent exposures. The extent of trabecular thinning in mice unloaded for the first time was 1.6-fold greater than the second time and nearly twofold greater than the third time. Similarly, the increase in trabecular thickness during the first RA cycle was twofold greater than during the second and third RA cycle. Together, our data demonstrate that even though multiple exposures to mechanical unloading are more detrimental than a single unloading period, bone's mechanosensitivity is reduced with consecutive unloading/reambulation cycles. skeleton; disuse; hindlimb unloading; reambulation BONE STRUCTURE AND COMPOSITION evolve in response to mechanical cues from the environment. Mechanical unloading, or disuse, as experienced during spaceflight, prolonged bedrest, or spinal injury results in marked bone atrophy, jeopardizing the mechanical integrity and long-term health of bones (5, 16, 32). The unloading-induced tissue waste is typically compartmentspecific with more pronounced losses in the trabecular than in the cortical compartment (27). The limited knowledge gleaned from human studies has been supplemented with results from ground-based animal and in vitro studies, demonstrating decreased osteoblast (9) and increased osteoclast activity (46), changes that are modulated by many factors, including genetic make-up (23), age (12, 37), sex (43, 44) , and the duration of unloading (1, 40).
The deleterious effects of unloading persist despite the adoption of physical (36, 45, 47) , and/or pharmacological (31) countermeasures, and both preclinical and clinical studies show that full recovery from unloading-induced losses may not occur within months or even years after returning to normal load-bearing activity (30) . For instance, trabecular volumetric bone mineral density in the proximal femur declined by almost 20% after 4 -6 mo in space but recovered only 6% 1 yr after return to planetary gravitational fields (28) . Further, at 6 mo of mobilizing after 17 wk of bedrest, healthy males still had 3-4% lower bone mineral density in the lumbar spine and the femoral neck (30a) . Similarly, in mouse models of mechanical unloading, trabecular bone volume in the proximal tibia can remain 40% lower than age-matched controls after a 3-wk unloading/3-wk reambulation cycle with 30% smaller bone formation rates (36) . Thus, unloading-induced deficits may persist, potentially leading to musculoskeletal complications, such as accelerated osteoporosis later in life.
Although astronauts have performed multiple space missions in the past and some patients must endure multiple periods of bedrest, most studies have applied only a single unloading period with or without a recovery phase of normal weight-bearing (3, 6, 10, 28, 36) . Consequently, the long-and short-term consequences of repetitive exposures to unloading and reloading remain largely unknown. Whether the loss of bone suffered during a previous unloading cycle will potentiate the response to subsequent unloading exposures or whether an adaptive mechanism will diminish the sensitivity of the musculoskeleton with each additional cycle has yet to be determined.
Here, using the well-developed rodent hindlimb unloading (HLU) model (35, 43) , we investigated changes in the femur and soleus of C57BL/6J mice during multiple unloading/ reambulation periods and specifically asked: What is the overall impact on bone morphology, formation, resorption, and soleus mass when the mouse hindlimb is unloaded either once, twice, or three times over an 18-wk period? and Do prior unloading/reambulation cycles affect changes in trabecular and cortical bone morphology during subsequent cycles?
METHODS
Experimental design. All procedures were approved by the Stony Brook University Animal Care and Use Committee. Forty-two, 16-wk-old, young adult male C57BL/6J (B6) mice (Jackson Laboratory, Bar Harbor, ME) were weighed and randomly assigned to either age-matched controls (control; n ϭ 9) or subject to a single (1x-HLU), double (2x-HLU), or triple (3x-HLU) unloading/reambulation cycle (n ϭ 11/group). Weight-bearing was removed through hindlimb unloading, a ground-based model that simulates many of the physiological effects of microgravity, including hypokinesia and a cephalic fluid shift (35) .
During each cycle, mice were subjected to HLU continuously for 2 wk, a duration sufficient to cause musculoskeletal atrophy in several inbred mouse strains, including male B6 mice (1, 41) . Each 2-wk HLU period was followed by 4 wk of reambulation (RA). Even though bone recovery is most pronounced in the early weeks following the return to weight-bearing, the recovery of tissue during reambulation is much slower than the loss during disuse (39) . The 4-wk recovery period was chosen as a time frame during which significant, but not complete, recovery should occur, while still maintaining a study duration that minimizes age-related changes in bone morphology. 3x-HLU mice were subjected to HLU at 16 wk, 22 wk, and 28 wk of age. Because bone's remodeling activity is age-dependent, differences in the response to HLU between consecutive HLU cycles may not be exclusively attributed to the existence of a prior HLU/RA cycle but also to the disparate ages at which these cycles are applied. To control for potentially concomitant effects of advanced age and prior HLU/RA exposure to unloading, the start of the first HLU/RA cycle was staggered; 2x-HLU mice were subject to HLU at 22 wk and 28 wk while 1x-HLU animals were unloaded for 2 wk at 28 wk (Fig. 1) . Thus, this study design permitted an assessment of how age modulates changes in tissue morphology during the first HLU/RA cycle and by comparing the response of the three experimental groups to HLU at 28 wk enabled an age-independent analysis of the effects of multiple exposures. In addition, staggering the start of the first suspension ensured that all experimental groups had the same reambulation duration prior to death.
Mice were euthanized at 34 wk of age by cardiac puncture and subsequent decapitation. The right soleus and femur were dissected and weighed. At 3, 4, 11, and 12 days before death, mice were injected with calcein (15 mg/kg ip) fluorochrome labels. Animals were individually housed and given free access to a standard rodent chow and water during ambulation, HLU, and RA.
CT. Longitudinal changes in the mid-diaphyseal and distal metaphyseal region of the femur were tracked by in vivo CT at 20.5-m resolution (VivaCT 75, Scanco Medical, SUI). These regions were scanned 7 times in each mouse: at baseline (16 wk), 18 wk, 22 wk, 24 wk, 28 wk, 30 wk, and at death (34 wk). During each scan, mice were sedated via inhalational anesthesia with isoflurane, as described previously (24) . Imaging was performed at an energy, intensity, and integration time of 45 kVp, 177 A, and 200 ms, respectively, delivering a CT dose index of 550 mGy per scan as estimated by the manufacturer with a 35-mm PMA cylinder that mimicked soft tissue of the mouse. Previous studies showed that single and multiple doses at much higher radiation levels do not exacerbate unloading induced bone loss in mice (22, 26) . Furthermore, radiation doses comparable or higher than in this study did not adversely affect trabecular and cortical bone morphology in adult mice and rats (8, 29) , even though four weekly scans at 846 mGy deteriorated trabecular bone volume in the tibia of rapidly growing mice (25) . Thus, radiation effects were unlikely in this study but cannot be discounted.
Seventy-four transverse slices, covering a 1.5-mm-long region of interest (ROI) that started ϳ0.75 mm proximal of the growth plate, were used to assess three-dimensional bone morphology in the distal metaphysis of the right femur. A customized algorithm separated trabecular from cortical bone compartments (34) . Trabecular morphology was described via bone volume fraction (BV/TV), trabecular number (Tb.N), thickness (Tb.Th), separation (Tb.Sp), and connectivity (Conn.D). In the mid-diaphysis, a 0.6-mm-thick section located at 50% of the femur length was used to evaluate cortical area (Ct.Ar), thickness (Ct.Th), marrow area (Ma.Ar), total area (Tt.Ar), polar moment of inertia (Ct.Ip), and tissue mineral density (Ct.TMD) (7) . Intracortical porosities within the resolution of the images were estimated as the percentage of bone tissue present within Ct.Ar. A bending strength index (BSI), defined as the product of Ct.TMD and the second moment of area for bending in the anterior-posterior direction, was determined (15, 42) .
Histomorphometry and histology. Right femurs were excised, removed of soft tissue, dehydrated, and embedded undecalcified in polymethylmethacrylate. In a metaphyseal ROI comparable to that examined with CT, indices of bone formation, including mineralizing surface to bone surface (MS/BS), mineral apposition rate (MAR), and bone formation rate (BFR/BS) were assessed across three nonconsecutive unstained frontal sections (5 m thick) from each sample. In a subset of the same frontal sections (n ϭ 6/group), endocortical and periosteal MS/BS, MAR, and BFR/BS were quantified over a 600-m length along the anterior and posterior edge of the diaphyseal cortex. For those sections that did not contain double labels, MAR was set to the lowest MAR detected in all sections (0.03 m/day), as previously suggested (21) . To quantify osteoclast surface in the same ROIs, two additional sections (6 -8 m thick) from the same blocks were decalcified and stained with tartrate-resistant alkaline phosphatase. All sections were analyzed at ϫ20 magnification with Osteomeasure software (Osteometrics, Decatur, GA).
Statistics. Longitudinal, pairwise differences within groups were compared via repeated-measures ANOVA with Student-NewmanKeuls (SNK) post hoc tests. One-way ANOVA with SNK post hoc tests assessed differences among groups in baseline characteristics and in endpoint histomorphometric and muscle data. The same test was used for between-group comparisons in the changes in bone mass morphology between baseline and death and between different time points throughout the 18-wk experiment. Linear regressions tested for associations between the starting value of any given morphologic variable and the response of this variable during HLU or RA. All data were presented as means Ϯ SD. P values Ͻ0.05 were considered significant.
RESULTS

Animals.
At baseline, mice assigned to experimental and normal ambulation control groups had similar body mass (average across groups: 27.5 Ϯ 0.5 g) and bone morphology. All mice remained healthy and active throughout the protocol. At death, differences in body mass between control and experimental animals remained insignificant (Table 1) . However, unloaded mice experienced a significant weight loss of 5-10% (P Ͻ 0.001) during the first week of each HLU. Some of the weight loss was recovered during the latter part of the HLU cycle, while the rest was regained to levels comparable to that of age-matched controls in the subsequent RA period. Further, no between-group differences in soleus mass were noted at death; the wet weight of the soleus muscle at 34 wk was 8.6 Ϯ 2.8 g in control animals, and 9.3 Ϯ 1.3 g, 9.4 Ϯ 1.9 g, and 9.8 Ϯ 0.9 g in 1x-, 2x-, and 3x-HLU mice, respectively.
Total 18-wk changes in bone with either 1x, 2x, or 3x unloading/reambulation. Changes in bone morphology over the 18-wk experimental protocol were compared among the four groups to establish the overall impact of the number of HLU/RA cycles. Control mice experienced significant agerelated changes in trabecular bone morphology during the 18-wk course of the experiment (Figs. 2 and 3 ). For instance, trabecular thickness increased on average by 10% (P Ͻ 0.001), but the number of trabeculae decreased by 20% (P Ͻ 0.001), giving rise to a 36% (P Ͻ 0.001) loss of trabecular bone volume fraction (Table 1 , Fig. 2 ). Morphological changes produced by unloading/reloading cycles were, in part, distinct from those produced by aging. Qualitatively, each unloading cycle inhibited age-induced trabecular thickening, had no effect on trabecular number, and accentuated the loss of bone volume fraction (Figs. 2 and 3). At death and compared with age-matched controls, the increase in Tb.Th from baseline was 60% (P Ͻ 0.05) and 63% (P Ͻ 0.05) smaller in 2x-HLU and 3x-HLU mice, while the decrease in BV/TV was 27% (P Ͻ 0.05) and 24% (P Ͻ 0.05) greater. Changes in Tb.N, Tb.Sp, and Conn.D were not significantly different across groups (Table 1) . One cycle of HLU/RA within the experimental period did not significantly alter trabecular morphology relative to controls.
The number of unloading cycles that the mice experienced also influenced indices of trabecular bone formation measured at the end of the last reambulation period. A trend in successively decreasing MAR and BFR/BS values was noted among 1x-, 2x-, and 3x-HLU animals ( Table 2 ). The number of unloading periods affected, in particular, the rate at which osteoblasts were producing tissue (MAR), rather than the relative surface area covered by active osteoblasts (MS/BS); after three HLU cycles, both MAR (P Ͻ 0.01) and BFR/BS (P Ͻ 0.05) were 83% lower than controls. In contrast to the reductions in bone's formative cell activity, trabecular osteoclast surface (Oc.S/BS) was similar among all groups.
In cortical bone, ambulatory controls experienced significant age-associated changes in mid-diaphyseal shape over the 18-wk experimental protocol. A concomitant expansion of the marrow cavity and periosteum by 5% (P Ͻ 0.001) and 3% (P Ͻ 0.001) largely maintained cortical bone mass but produced a 5% (P Ͻ 0.05) and 13% (P Ͻ 0.01) increase in polar moment of inertia and bending strength index, respectively (Table 1 , Fig. 2 ). Qualitatively, each HLU cycle accelerated endosteal expansion, while reambulation caused a contraction of bone marrow space (Figs. 2 and 3 ). Over the 18-wk experimental period, the three HLU/RA cycles in 3x-HLU mice largely prevented the age-induced increase in periosteal expansion and BSI seen in control and 1x-HLU (P Ͻ 0.05, Table 1 ). The 3% loss in Ct.Ar in 3x-HLU was significantly different from changes in control and 1x-HLU (P Ͻ 0.05, Table 1 ). Reductions in Ct.Ip in 2x-HLU (P Ͻ 0.01) and 3x-HLU (P Ͻ 0.05) mice were significantly different from the 7% increase (P Ͻ 0.01) in 1x-HLU mice (Table 1 ). These differences were not reflected in indices of bone formation measured on endocortical and periosteal surfaces at the end of the experiment. No differences in MS/BS, MAR, and BFR/BS were observed in the femoral diaphysis just prior to death ( Table 2) .
Effect of initial age on first unloading/reambulation response. Since bone's morphology and remodeling activity change with age, the effect of age on the magnitude of the response to HLU/RA was evaluated independently by comparing morphological changes occurring during the first unloading/reloading cycle at 16 wk, 22 wk, and 28 wk in 3x-, 2x-, and 1x-HLU mice, respectively. During the first unloading cycle at 16 -18 wk, 22-24 wk, and 28 -30 wk, bone volume fraction decreased by 18%, 13% and 15%, respectively (P Ͻ 0.001, Table 3 ), with no significant differences among groups.
In spite of these similar volumetric changes, microarchitectural changes accompanying the first unloading cycle were distinct for the different groups. At 16 -18 wk of age, bone loss in 3x-HLU mice occurred though a preferential deterioration (P Ͻ 0.01) in trabecular number (Ϫ6%) over thickness (Ϫ3%) while at 22-24 wk, Tb.N (Ϫ4%, P Ͻ 0.01) and Tb.Th (Ϫ3%, P Ͻ 0.05) experienced a similar deterioration in 2x-HLU mice (Table 3 ). In contrast, at 28 -30 wk, the significant decrease in trabecular thickness (Ϫ6%) drove the bone atrophy in 1x-HLU (P Ͻ 0.001, Table 3 ). Trabecular separation increased by 7% (P Ͻ 0.001) during the first HLU period at 16 -18 wk, a change that was significantly greater than during the first HLU at 22-24 wk (4%, P Ͻ 0.01) and at 28 -30 wk (2%, P Ͼ 0.05). The first reambulation cycle at 18 -22 wk and 24 -28 wk continued to decrease BV/TV by 9% (P Ͻ 0.01) and 8% (P Ͻ 0.01), contrasting with the RA cycle at 30 -34 wk during which bone volume was maintained (Table 3) . There was also a greater (P Ͻ 0.001) recovery in Tb.Th during the first RA at 30 -34 wk (10%, P Ͻ 0.001) compared with the recoveries during the first RA at 18 -22 wk (4%, P Ͻ 0.001) and 24 -28 wk (4%, P Ͻ 0.01). For the first RA period, neither changes in Tb.N nor Tb.Sp were significantly different across the three time points. When considering an entire 6-wk unloading/ reambulation cycle, changes in Tb.N and Tb.Sp were significantly greater at 16 -22 wk than at 28 -34 wk (Table 3) .
Changes in cortical morphology were also dependent on age during the first HLU/RA cycle. Mice that were exposed to unloading at 22-24 wk experienced significantly less (P Ͻ 0.01) cortical thinning (1%, P Ͼ 0.05) than those from 16 -18 wk (9%, P Ͻ 0.001) and 28 -30 wk (8%, P Ͻ 0.01), concomitant with a smaller reduction in Ct.Ar. As a consequence, the change in the polar moment at 22-26 wk was, in contrast to the other two groups, not significant (Table 3) . Ma.Ar increased significantly during the first HLU at all three time points, but this increase was smaller (P Ͻ 0.05) at 22-24 wk than at 28 -30 wk. The smaller cortical loss (P Ͻ 0.05) during the first HLU at 22-24 wk was followed by smaller gains in cortical tissue than in the other two groups. Similar to Ct.Th, Ct.Ar increased by 5% (P Ͻ 0.001) during the first RA cycle at 18 -22 wk and by 9% (P Ͻ 0.001) at 30 -34 wk, contrasting with a lack of change in Ct.Ar at 24 wk. Similarly, Ma.Ar contracted by 4% (P Ͻ 0.001) at 18 -22 wk and 3% (P Ͻ 0.001) at 30 -34 wk but not at 22 wk. The polar moment of area increased by 10% (P Ͻ 0.05) at 30 -34 wk, a greater response than at 18 wk (3%, P Ͼ 0.05) and 24 wk (2%, P Ͼ 0.05). For any of the three HLU and RA periods, no significant changes in Tt.Ar, ICP, and BSI were observed. For the aggregate of the entire 6-wk unloading/reambulation cycle, changes in Ct.Ar, Ct.Th, Tt.Ar, and Ct.Ip were significantly greater at 16 -22 wk than at 28 -34 wk (Table 3) .
Although the relative response of several trabecular and cortical variables to the initial HLU cycle varied with age, morphological changes in normally ambulating age-matched controls also varied with age. To adjust for these differences, the average change in a given variable over a given time period of HLU or RA was normalized by subtracting the average change in that variable for ambulatory control animals over the same time period. After accounting for these age-related changes, the magnitude of the response to the first HLU and first RA cycle was independent of age for all trabecular parameters. On the other hand, the significantly smaller changes in cortical area, cortical thickness, and marrow area in mice subject to HLU at 22 wk and RA at 24 wk remained. In addition, changes in Ct.TMD became significantly different among the three experimental groups.
Linear regressions were used to test whether morphological differences at the beginning of any given experimental period may have influenced the response during HLU and RA. When including the starting values prior to commencing any of the six HLU periods administered across the three groups, a moderate negative correlation was found only for Tb.Th (R 2 ϭ 0.58, P Ͻ 0.0001). In other words, mice with thicker trabeculae experienced a higher relative loss. The same analysis produced a significant, but weak, negative correlation (R 2 ϭ 0.09, P Ͻ 0.05) between starting values and loss in Ct.Ar across all HLU periods, and a weak positive correlation (R 2 ϭ 0.09, P Ͻ 0.05) between starting values and the gain in Ct.Ar across all RA periods. When the correlations were restricted to only the last HLU (at 28 -30 wk) and RA (at 30 -34 wk) period, the starting value/response correlations for Tb.Th (R 2 ϭ 0.60, P Ͻ 0.0001) and Ct.Ar. (R 2 ϭ 0.15, P Ͻ 0.05) during HLU were preserved, but no significant correlations were found for RA.
Magnitude of the response during multiple unloading/reambulation cycles. Because age modulated, at least in part, bone's response to HLU/RA, the impact of the number of previous HLU/RA cycles on the magnitude of the response in subsequent cycles was evaluated independent of age by comparing the relative changes in bone morphology for the HLU cycle at 28 -30 wk and the RA cycle at 30 -34 wk of age. For most trabecular and cortical indices, the magnitude of the response tended to diminish with the number of prior cycles.
During the unloading cycle at 28 wk of age, the extent of trabecular thinning in mice unloaded for the first time was 1.6-fold greater than the second time (2x-HLU, P Ͻ 0.05) and nearly twofold greater than the third time (3x-HLU, P Ͻ 0.05) (Fig. 4) . Similar to the decreased mechanosensitivity observed in mice during multiple unloading periods, the degree of tissue recovery during reambulation diminished with the number of RA cycles at 30 wk of age; the increase in trabecular thickness in both 2x-and 3x-HLU was only half (P Ͻ 0.05) of 1x-HLU (Fig. 4) .
Similar to trabecular thinning, the reduction in cortical bone volume and thickness in the mid-diaphysis at 28 wk of age was most pronounced for mice undergoing the first cycle, suffering losses that were more than twice (P Ͻ 0.05) 2x-HLU and about Data are shown as means Ϯ SD. Groups were compared using ANOVA followed by SNK. Letters denote significant differences (P Ͻ 0.05) between groups. a Any group different from control. MS/BS, % mineralizing surface; MAR, mineralization apposition rate; BFR/BS, bone formation rate; Oc.S/BS, osteoclast surface.
five times greater (P Ͻ 0.01) than 3x-HLU losses (Fig. 4) . Marrow expansion during the first HLU (6%, P Ͻ 0.001) was also accelerated (P Ͻ 0.001) relative to mice in their second (2%, P Ͻ 0.05) or third (2%, P Ͻ 0.01) cycle of unloading. During the following reambulation cycle, mice in their first RA increased their cortical area at a rate that was three times greater than of age-matched controls (P Ͻ 0.01), while 2x-and 3x-HLU mice added tissue that was similar to normally ambulating controls (Fig. 4) . The large increase in Ct.Ar during the first RA was associated with a contraction in Ma.Ar that was significantly greater than in control and mice during their second RA.
DISCUSSION
Although clinical and preclinical studies have examined the sensitivity of both bone quantity and architecture to a single exposure of unloading and reambulation, here, we longitudinally quantified bone's response to repetitive unloading and reloading cycles. In vivo CT scans taken at regular intervals of the femur in B6 mice demonstrated that even after the second exposure to unloading, indices of tissue morphology remained responsive to both catabolic pressure induced by the loss of weight-bearing, as well as the anabolic mechanical signals associated with reambulation. Even though bone was responsive to the second and third unloading/reloading cycle, the magnitude of the response was diminished. For the entire experimental period, detrimental morphological consequences of a single exposure to mechanical unloading were compounded by multiple exposures, emphasizing the additional risk accrued to long bones.
Even though the age of the mice corresponded to young adulthood, during which skeletal mass in mice typically plateaus (4), ambulatory control animals experienced significant changes in metaphyseal trabecular volume and thickness, but not mid-diaphyseal cortical area, over the 18-wk protocol. These changes are consistent with the age-related skeletal evolution of male B6 mice documented in previous studies, which also observed a marked loss in BV/TV, an increase in Tb.Th, and an concurrent expansion of the total and marrow area between 16 wk and 34 wk of age (14, 20) . Considering that these age-related changes were not constant over the experimental time frame and that baseline morphology and cellular activity can influence bone's response to unloading Data are shown as means Ϯ SD. The relative change during HLU was computed as the % change from the beginning to the end of the 2-wk HLU period; the relative change during RA is the % change from the beginning to the end of the 4-wk RA period; the relative change in HLU/RA is the % change from the beginning of the HLU period to the end of the RA period. Letters denote significant differences (P Ͻ 0.05) between groups.
b 2x-or 3x-HLU different from 1x-HLU; c 3x-HLU different from 2x-HLU. *Significant within group change (P Ͻ 0.05) during the time period for which the relative % change is measured (HLU, RA, or HLU/RA) .
(43), it is not surprising that bone's response to the first cycle of HLU/RA cycle was somewhat dependent on the age of the mice. Although this age-dependency did not introduce bias in our multiple HLU/RA cycle analysis, as we only relied on data that were independent of age, results from this study need to be interpreted within the context of large age-related changes in B6 mice, particularly those in the trabecular bone.
Morphological changes induced by unloading and reambulation were sensitive to the number of prior exposures. For several indices modulated by the removal of weight-bearing, the magnitude of the response to HLU/RA between 28 wk and 34 wk of age was diminished during the second and third cycle compared with the first cycle. Many of the microarchitectural and cellular changes that accompany mechanical unloading are also observed during aging, albeit over a much longer timescale. The mechanosensitivity of the musculoskeleton to both anabolic (38) and catabolic stimuli (37) may markedly decrease with advanced age. For instance, 2 wk of HLU reduced the osteoprogenitor population in bone marrow by 71% in 6-wk-old mice and only by 17% in 6-mo-old mice (2) . The same length of HLU also decreased BV/TV by more than 20% in 6-mo-old rats but left what little tissue mass was remaining in 32-mo-old animals almost unchanged. Thus, it is conceivable that multiple exposures to unloading transformed bone into a state similar to accelerated aging, thereby decreasing its mechanosensitivity during subsequent HLU/RA cycles. In addition, studies tracking the loss of bone in response to continuous catabolic signals, such as paraplegia (13, 17) or prolonged hindlimb unloading (33) , indicate that bone atrophy does not persist indefinitely; it is generally acute in the early period following immobilization, but eventually plateaus or reaches a steady state, after which the bone tissue becomes refractory to the continued presence of catabolic signals. Thus, it is also possible that previously unloaded B6 mice may be approaching such an adaptive plateau, thereby exhibiting a diminished response to further exposures to HLU. Similar to prior investigations, BV/TV and Tb.Th were the only trabecular indices to be significantly reduced compared with age-matched controls in male B6 mice subject to a single 2-wk exposure to unloading (1) . Perhaps as a consequence of the unloading-related suppression of the osteoprogenitor population in this model, BV/TV remained depressed, even after return to normal weight-bearing (36) . Generally, trabecular thickness is the only microarchitectural index to recover during relatively short reambulation periods (2, 6, 36) . Removal of weight-bearing causes underloading of trabecular struts, initiating bone resorption at the trabecular surface and reducing overall strut thickness, if not entirely eliminating them. The subsequent thickening of the remaining struts during RA may be the result of overload upon reintroduction to weight-bearing, in addition to small age-related increases. As very thin and disconnected struts may remain underloaded and continue to resorb during RA, the recovery in Tb.Th may be accompanied by a loss of Tb.N and an increase in Tb.Sp. These architectural changes emphasize that trabecular bone architecture following unloading and reambulation cycles can be significantly different from baseline and age-matched controls, even when bone quantity is comparable.
In contrast to hindlimb unloading in other mouse strains, in which changes in the diaphysis are minimal even after several weeks of HLU (44) , the diaphyseal cortex of B6 mice is sensitive to disuse (23) , and as shown here, continues to respond to changes in weight-bearing over multiple cycles of HLU and RA. The reduction in and partial recovery of Ct.Ar is similar to the tibial changes observed in male B6 animals following temporary hindlimb muscle paralysis with botulin (19) . However, the botulin-induced changes in tibial Ct.Ar were driven almost exclusively by the lability of the endocortical surface, while changes in the femur coupled marrow expansion and contraction with a suppression of periosteal growth. Although the marrow area of the botulin-injected limbs remained significantly greater than in controls, even weeks after the return of normal muscle activity, the difference did not translate to reduced bone strength and stiffness in the paralyzed limbs. On the other hand, since periosteal area has a greater influence on the load-bearing capacity of cortical bone than marrow area, even the modest blunting of periosteal expansion seen in 3x-HLU was sufficient to reduce the bending strength index relative to ambulatory controls and 1x-HLU.
Multiple cycles of HLU significantly reduced dynamic indices of trabecular bone formation in 3x-HLU animals compared with controls at death, while cortical bone formation activity was similar among groups. In both compartments, osteoclast surface also remained comparable among all groups, although it is possible that unloading may have increased osteoclastic activity without an accompanying increase in osteoclast number (33) . While the timing of our fluorochrome markers did not allow for conclusions regarding cellular activity during the unloading cycle, histomorphometric data from previous studies indicate that disuse-induced bone atrophy is primarily driven by a decrease in bone formation and mineralization in this model (11, 18) , and only to a lesser, though conflicting extent, by an elevation in bone resportion (48, 49) . The decrease in trabecular MAR and BFR with three unloading cycles seen here suggests a similar recovery pattern as that observed for trabecular thickness and cortical bone volumeindices of bone formation, which are significantly depressed during HLU cycles, remain attenuated even after periods of remobilization (6, 36) , and after multiple incomplete recovery cycles, become significantly reduced relative to ambulatory controls.
Perspectives and Significance
The present work represents a critical step toward establishing the skeletal risks associated with multiple unloading cycles. The results show that when applied over a given period in B6 mice, multiple exposures to mechanical unloading were more detrimental to trabecular and cortical bone than a single unloading period. However, because the magnitude of the response to unloading decreased with the number of exposures for many outcome parameters, most of the erosion in bone morphology and architecture was sustained during the initial unloading cycle. Consequently, bone's quantity and quality in mice unloaded twice and three times were comparable at death. While trabecular bone volume continued to deteriorate during periods of normal ambulation, indices of cortical bone quantity exhibited limited recovery, and longer recovery periods may allow these parameters to normalize to values comparable to ambulatory controls, even for mice exposed to multiple HLU cycles. Taken together, the sensitivity of bone to weightbearing across multiple exposures to disuse and its failure to fully recover during reambulation suggest an increased likelihood of short-term catastrophic failure, particularly upon return to normal weight-bearing, and a predisposition to longterm musculoskeletal complications. Future studies investigating how flight schedules, including the number of flights or the length and distribution of recovery periods between flights, can be optimized will be critical for maintaining skeletal health during multiple missions.
